Background and objectives Fibroblast growth factor 23 (FGF23) levels are elevated in patients with autosomal dominant polycystic kidney disease (ADPKD) and X-linked hypophosphatemia (XLH), but only the latter is characterized by a renal phosphate wasting phenotype. This study explored potential mechanisms underlying resistance to FGF23 in ADPKD.
Introduction
Autosomal dominant polycystic kidney disease (ADPKD) is a genetic disorder characterized by bilateral growth of numerous cysts (1, 2) . Between age 20 and 40 years, the cysts replace approximately 50% of the normal parenchyma (3) . In most patients, GFR remains preserved up to age 40 because glomerular hyperfiltration of remaining nephrons compensates for the ongoing loss of functional renal tissue (4, 5) . ADPKD can easily be detected early in the course of the disease and is an ideal condition to study mineral metabolism at an early stage of CKD because GFR remains stable for a long time, and the disease course is generally not confounded by therapies.
Fibroblast growth factor 23 (FGF23) is a phosphaturic hormone secreted by osteocytes (6, 7) . Serum levels of this 30-kD peptide were elevated in tumor-induced osteomalacia (8, 9) , as well as in several genetic diseases, such as autosomal dominant hypophosphatemic rickets secondary to a mutation of the gene that encodes for FGF23 (10, 11) , autosomal recessive hypophosphatemic rickets secondary to an inactivating mutation of dentin matrix acidic phosphoprotein (DMP1) (12, 13) , and X-linked hypophosphatemia (XLH) secondary to inactivating mutations of PHEX (14) . As a result of these mutations, FGF23 is less accessible to degradation, and as a consequence, the FGF23 accumulation. leads to severe renal phosphate wasting. In contrast, elevated FGF23 levels in patients with CKD may play an essential role in maintaining normal serum phosphate levels at CKD stages 1 and 2 (15) (16) (17) . Recently we reported that serum levels of FGF23 are markedly elevated in patients with ADPKD (18) . As has been seen with tumor-induced osteomalacia, autosomal dominant hypophosphatemic rickets, autosomal recessive hypophosphatemic rickets, and XLH, this occurred even in the presence of a normal GFR. However, the marked hypophosphatemia typical for tubular disorders is not present in ADPKD, suggesting a resistance to FGF23 in this disease.
The gene Klotho encodes for a 130-kD protein with a single transmembrane domain that is mainly expressed in the kidney, the parathyroid glands, and the choroid plexus (19) . Once Klotho protein is translocated from the endosome to the cell membrane, the extracellular domain of Klotho (soluble a-Klotho) may be cleaved and released into the blood stream (20) .
FGF23 needs to bind Klotho protein by its C-terminal part to activate the canonical receptor FGFR1c, which leads to reduced membrane expression of the NaPiIIa and NaPiIIc cotransporters as well as downregulation of 1-a hydroxylase (21) . Thus, peripheral resistance to FGF23 could be triggered by lower local or circulating levels of Klotho. However, a reliable assay for soluble Klotho has not been available until recently, and data on the expression, function, and regulatory mechanism of soluble a-Klotho are scarce (22) .
This study explored potential mechanisms underlying peripheral resistance to FGF23 in ADPKD. We studied the relationship between FGF23, serum Klotho, and renal phosphate handling in patients affected by ADPKD with CKD stage 1 and 2 (ADPKD1-2) and compared it with that in patients with CKD stages 1 and 2 who did not have polycystic kidney disease (CKD1-2), patients with XLH, and healthy volunteers.
Materials and Methods

Study Participants and Procedures
Patients with ADPKD belonged to the well characterized longitudinal observational SUISSE ADPKD cohort (23, 24) and were eligible for this study if they had an estimated GFR $ than 60 ml/min per 1.73 m 2 according to the CKD Epidemiology Collaboration formula. For comparison, we studied a group of healthy volunteers with age and gender distribution similar to that of the ADPKD cohort, patients with CKD who did not have polycystic kidney disease, and patients with XLH. The ADPKD and CKD patients were classified according to estimated GFR (CKD stage 1, $ 90 ml/min per 1.73 m 2 ; CKD stage 2, 60-89 ml/min per 1.73 m 2 ). XLH was diagnosed in all patients during childhood when they presented with rickets; diagnosis was based on the presence of clinical and radiographic findings, bowing deformities of the legs, and the laboratory finding of hypophosphatemia due to renal phosphate wasting. Eight of the 12 patients also had a positive family history, and 6 of the 12 underwent corrective orthopedic surgery for their leg deformities. Growth was often impaired despite treatment. Eight of 12 XLH patients were receiving treatment with calcitriol and phosphate (median daily doses of 0.5 mg and 1.25 g, respectively) when the samples were obtained for analysis.
Blood samples were drawn in the morning after an overnight fasting period. The second fasting spot urine samples were collected after the patient voided the first urine of the day before the clinic visit. Blood drawing and spot urine collections were scheduled at the outpatient clinic between 8:00 a.m. and 10:00 a.m. For a-Klotho measurements, aliquots of samples were stored at 280°C before analysis; the exceptions were serum samples from patients with XLH, which were stored at 220°C.
Patients with ADPKD1-2 underwent serial renal magnetic resonance imaging without contrast material every 6 months. Total kidney volumes were estimated from magnetic resonance imaging sequences, as reported elsewhere (3) . The healthy volunteers underwent renal ultrasonography, and their kidney volumes were estimated by applying the ellipsoid formula (25) .
The study was carried out in accordance with the ethical principles of the Declaration of Helsinki, the Good Clinical Practice guidelines of the International Conference on Harmonization, local regulatory requirements, and local medical ethics committee approval. Patients provided written informed consent.
Analytical Methods
The levels of FGF23 (Immutopics, San Clemente, CA), human soluble a-Klotho (Immuno-Biologic Laboratories Co., Ltd. Japan), and intact parathyroid hormone (Biomerica, Newport Beach, CA) were measured by ELISA according to the manufacturer's protocol.
The novel ELISA method detecting human soluble a-Klotho was developed by first establishing a monoclonal antibody with strong affinity for human a-Klotho protein, recognizing with high selectivity the tertiary protein structure of its extracellular domain. The established protein detection method has been tested by comparing the serum a-Klotho levels of human healthy volunteers with a human case in which the a-Klotho gene carries a mutation that hinders the expression of a-Klotho in the test subject (26) . The results of the analysis indicated that the ELISA system can specifically detect and measure the circulating serum a-Klotho levels in humans (22) . The ELISA assay was based on the antibodies and substrates designed, used, and described by Yamazaki and colleagues (22) . The mean 6 SD intra-assay coefficient of variation was 3.6%61.3%.
In addition to the validation conducted by Yamazaki and colleagues, we performed a sample measurement validation for accuracy at our facility. We performed multiple analyses, measuring human serum Klotho levels from human serum samples that were exposed to different conditions. Samples stored at 280°C with no freeze/thaw cycle for more than 1 year were compared with samples stored at 280°C with one to three freeze/thaw cycles for less than 1 year in order to evaluate thawing stability; freshly collected serum samples were compared with samples kept at room temperature for more than 4 hours in order to evaluate stability at room temperature. The analysis showed that samples with two freeze/thaw cycles remained stable, but further cycles should be avoided. Serum samples kept longer than 4 hours at room temperature showed a slight decrease in reactivity compared with freshly collected serum samples. Finally, we compared samples from various storage conditions (stored at 4°C vs. 220°C) with freshly collected samples. We found no significant differences. Further analyses regarding Klotho expression on the levels of renal tissue could not be performed because we had no access to tissue samples from either study group.
Phosphate and creatinine (isotope dilution mass spectrometry traceable modified Jaffé method) concentrations were measured in serum and urine. The ratio of the maximum rate of tubular phosphate reabsorption to the GFR (TmP/GFR) was calculated as follows:
TmP=GFR in mmol=L ¼ P P 2 ½U P 3 P Crea =U Crea where P P , U P , P Crea , and U Crea refer to the plasma and urinary concentration of phosphate and creatinine, respectively (27) . TmP/GFR allows evaluation of renal phosphate 
Values expressed with a plus/minus sign are the mean 6 SD. ADPKD1-2, autosomal dominant polycystic kidney disease with CKD stage 1 and 2; CKD1-2, CKD stage 1 and 2 without polycystic kidney disease; XLH, X-linked hypophosphatemia; eGFR, estimated GFR. a GFR was estimated by using the CKD Epidemiology Collaboration equation (29) . b Median (interquartile range). . As expected, patients with CKD1-2 had higher urinary albumin excretion, and patients with XLH were predominantly female and had lower height than the other groups. The kidneys of the healthy volunteers were normal per ultrasonography, with a mean total kidney volume of 360 cm 3 . None of the ADPKD1-2 patients, CKD1-2 patients, or volunteers received nutritional or activated vitamin D metabolites, calcium supplementation, phosphate binders, or bisphosphonates, but most of the patients with XLH were receiving treatment with calcitriol and phosphate supplements (for details, see the Methods section).
Resistance to the Phosphaturic Effect of FGF23 in Polycystic Kidneys
The FGF23 levels were highest among patients with ADPKD1-2, with values approximately 100% higher than those observed in patients with CKD1-2 and 50% higher than those observed in patients with XLH. FGF23 is thought to promote renal phosphate excretion by inhibiting tubular phosphate reabsorption. Thus, we would expect to observe lower TmP/GFR values and serum phosphate levels among patients with ADPKD1-2 than among those with CKD1-2 and those with XLH. However, TmP/GFR values were generally not decreased in patients with ADPKD1-2; they were similar to those found in patients with CKD1-2 and much higher than the values found in patients with XLH ( Figure 1A) . Notably, TmP/GFR values were inversely (negatively) correlated with FGF23 levels in XLH (r=20.63; P=0.03), whereas no correlation could be detected for ADPKD1-2 or CKD1-2. Furthermore, Figure 1B demonstrates that patients with ADPKD1-2 had higher serum phosphate levels than those with XLH and only modestly reduced serum phosphate levels (mean difference, 0.07 mmol/L) compared with CKD1-2 patients and healthy volunteers. Thus, in patients with ADPKD1-2, although serum FGF23 levels were higher than in XLH patients, both the renal threshold of phosphate and serum phosphate levels were higher in polycystic patients, suggesting that the biologic activity of FGF23 was impaired in patients with ADPKD1-2.
Disturbance of the Hormonal Network Regulating Phosphate Metabolism in ADPKD
Patients with ADPKD1-2 had the lowest mean serum level of Klotho, the highest mean serum level of FGF23, and by far the highest serum FGF23-to-Klotho ratio, whereas patients with XLH had the lowest serum phosphate levels and the lowest value for TmP/GFR (Table 2 ). Parathyroid hormone levels were similar in all groups. Klotho levels were independent of GFR and age (Figure 2 ) in all groups. Figure 3 summarizes, for ADPKD1-2 ( Figure 3A ) and CKD1-2 patients (Figure 3B ), the individual values of serum Klotho, FGF23 and parathyroid hormone values plotted as a function of GFR over the range of 60-130 mL/min per 1.73 m 2 ; no correlation was observed. However, it is obvious from the graphs that patients with ADPKD1-2 had lower Klotho levels and higher FGF23 levels than CKD1-2 patients over the whole range of GFR. We also conducted a subset analysis measuring serum Klotho levels in six ADPKD patients with CKD stage 3. These results showed mean 6 SD serum levels of 299.0677.4 pg/ml. This finding concurs with the initial hypothesis that Klotho levels decrease as renal damage progresses.
Low Soluble Klotho Levels Can Be Associated with Low FGF23 Activity in ADPKD
The data were stratified for a functional renal leak of phosphate (TmP/GFR $ 0.6 or , 0.6 mmol/L) ( Table 3) : Thirteen percent of ADPKD1-2 patients, 9% of CKD1-2 patients, 100% of XLH patients, and none of the volunteers had an apparent renal leak of phosphate. Strikingly, among the patients with an apparent renal leak of phosphate, serum levels of Klotho, FGF23, and parathyroid hormone were similar between the groups. On the other hand, among patients without renal leak of phosphate, ADPKD1-2 patients had significantly lower serum Klotho levels, higher serum FGF23 levels, and higher serum FGF23-to-Klotho ratios than CKD1-2 patients or healthy volunteers. In addition, serum Klotho levels were lower in ADPKD1-2 patients without renal phosphate leak than in those with renal leak (659 pg/ml in ADPKD1-2 patients without leak and 1105 pg/ml in ADPKD1-2 patients with leak; mean difference, 446 pg/ml [95% confidence interval, 161-731 pg/ml]). Age, GFR, gender distribution, and frequencies of angiotensin-converting enzyme inhibitor and angiotensin-receptor blocker use were similar in ADPKD1-2 patients with and in those without renal phosphate leak (data not shown).
ADPKD Phenotype and Klotho
Patients with ADPKD1-2 had a mean 6 SD total kidney volume of 9706533 cm 3 and a mean total cyst volume of 5616426 cm 3 . The annual mean absolute and percentage kidney growth rates were 78698 cm 3 and 6.3%66.9% per year, respectively. The annual mean absolute and percentage cyst growth rates were 98691 cm 3 and 23%624% per year, respectively, for a median (interquartile range) followup of 36 (25-38) months. Figure 4 shows that serum Klotho values were inversely correlated with total cyst volume (r=20.24; P,0.05) and with annual total kidney growth, both absolute (r=20.29; . FGF23 values were not correlated with kidney volume or growth, whereas the FGF23-to-Klotho ratios were positively correlated with total cyst volume (r=0.22; P,0.05) as well as with absolute (r=0.39; P,0.0001) and percentage (r=0.28; P,0.01) kidney growth.
Discussion
Our study reveals a reduced biologic activity of FGF23 in patients with ADPKD1-2 that is characterized by low renal phosphate excretion in the face of excessive FGF23 levels. This finding was accompanied by relatively low serum Klotho levels, suggesting that the resistance to the phosphaturic effect of FGF23 could be mediated by a reduction of Klotho.
FGF23 is secreted by osteocytes and acts on the kidney to promote phosphate excretion into the urine. Higher serum levels of FGF23 have been described in several genetic diseases associated with high urinary phosphate excretion and hypophosphatemia, including patients with XLH. Our XLH patients displayed the characteristic features of renal phosphate wasting ("phosphate diabetes"; TmP/GFR was half that found in healthy volunteers), hypophosphatemia, high FGF23 serum levels (four-fold higher than the levels found in volunteers), short stature, and rickets in childhood; most of them still had impaired bone mineralization in adulthood despite treatment. In patients with XLH we also observed a positive relationship between FGF23 and phosphate wasting (inverse with TmP/GFR), whereas these associations were not present in patients with ADPKD1-2. Furthermore, patients with ADPKD1-2 had even higher FGF23 levels than patients with XLH, but the former did not exhibit renal phosphate wasting. These findings suggest a potential renal resistance to FGF23.
Studies in Klotho-deficient and FGF23-deficient mice have revealed that cofactor binding such as Klotho is essential to initiate FGFR1c activation and thus for FGF23 biologic activity (30) . Even extremely high serum FGF23 levels in mice lacking Klotho do not cause a phosphate wasting phenotype, illustrating that the absence of Klotho confers resistance to FGF23 (31) . Our data concur with the concept that Klotho is required in humans to permit FGF23 to accomplish its biologic activity. Excessive FGF23 secretion was seen in all patients with ADPKD1-2, but none of these patients had a phosphate wasting phenotype and only 13% had a low TmP/GFR. Remarkably, ADPKD1-2 patients with an elevated renal phosphate excretion had normal serum Klotho levels. However, the majority of patients with ADPKD1-2 had low serum Klotho levels, and we infer that this prevented phosphate wasting. Therefore, we conclude that in this particular inherited kidney disease associated with excessive FGF23 secretion, the loss of Klotho may have contributed to FGF23 resistance.
The mechanisms by which kidney disease decreases Klotho levels remain unknown. Klotho is expressed in tubular epithelial cell of the kidney, with predominant expression in the distal convoluted tubule (19, 32) . Likewise, cysts evolve from tubular epithelial cells of all parts of the nephrons and may start predominantly in the thick ascending loops of Henle, distal tubules, and collecting ducts in the corticomedullary region and outer medulla (32) (33) (34) . Intriguingly, serum Klotho levels and cyst volume were inversely correlated with each other. Because we had no access to additional renal tissue samples to measure the level of molecular expression of Klotho as a transmembrane molecule in our patients, we could not clarify whether the level of transmembrane expression of Klotho is specifically reduced in patients with ADPKD. The extracellular domain of Klotho is shed on the cell surface after being cleaved by membrane-anchored proteases (ADAM 10 and 17) and is detected in the blood and cerebrospinal fluid in mice and humans (35, 36) . Serum (and urine) Klotho levels correlated with Klotho expression in the kidney of Klotho knock-in and knock-out mice, indicating that circulating Klotho may represent renal Klotho expression (37) . This shedded soluble Klotho molecule acts as a hormone on the renal proximal tubule, where it has recently been postulated to pass through the basolateral membrane and to migrate through the cytosol; it ultimately reaches the brush-border membrane, where it causes endocytosis of the Na-Pi cotransporters (32) . Thus, the low production of Klotho might be related to cyst-induced damage and be responsible, at least in part, for the absence of renal leak of phosphate despite the high levels of FGF23.
Our study results must be interpreted in the context of the study design: We had no access to kidney tissue. It remains speculative to declare at this current stage of knowledge that soluble Klotho levels mirror kidney Klotho expression in the kidney. Our cross-sectional study was also not designed to elucidate the sequential order of the observed disturbance of the FGF23 and Klotho secretion, and the mechanism causing excessive FGF23 secretion in ADPKD is still not well understood. We speculate that excessive FGF23 secretion and loss of Klotho are two independent processes in which the bone is the origin of the FGF23 production and the loss of Klotho in the polycystic kidney constrains the phosphaturic effect of FGF23.
In conclusion, the renal pattern of ADPKD, classically characterized by cyst development and growth, appears to include, in the early course of the disease, decreased Klotho availability constraining FGF23 activity. Loss of Klotho and the concomitant increase in FGF23 appear to exceed and precede changes mediated by the loss of GFR in patients with ADPKD and could be regarded as early markers of the renal disease in ADPKD.
